This paper studies physicochemical properties (density, viscosity, corrosion, thermogravimetry, and conductivity) and tribological behavior of five phosphonium cation-based ionic liquids ([P 66614 
Introduction
In the 1970s and 1980s, ionic liquids (ILs) began to be used in a wide variety of applications, mostly as "customizable" solvents or electrolytes in batteries [1] [2] . Generally, this kind of salts has nonflammability, low volatility, low combustibility, high ionic conductivity, high thermo-oxidative stability and miscibility with organic compounds [3] . Over the last 15 years, research interest in ILs has expanded into lubrication due to their potential performance as neat lubricant or additive [4] [5] [6] [7] [8] [9] [10] [11] . Early works were focused on ILs with imidazolium cations and fluorine-containing anions [12] [13] [14] [15] [16] . However, the hydrolysis products of those anions are highly corrosive and toxic, making those ILs only applicable to water-free conditions [17] .
The great lubricating performance of ILs is directly related to their capacity to form adsorbed films on the metal surface, mostly due to their high polarity [18] [19] [20] [21] and reactivity under high loads [5] . These facts contribute to the friction and wear reduction properties of ILs [22] . Regarding the use of ILs as neat lubricants, several studies have shown great potential for this purpose [16, 20, [23] [24] [25] [26] [27] [28] . However, the replacement of traditional base oils by ILs is currently limited by their cost, so their use as neat lubricant has been evaluated for special conditions (diesel engine, vacuum and MEMS applications) [29] [30] [31] .
The interest in phosphonium based ILs has widely grown over the years in line with their increased commercial availability. They have been tested for several applications such as extraction solvents, chemical synthesis solvents, electrolytes in batteries and super-capacitors, and in corrosion protection [32] . From a tribological point of view, some ILs of this family have been tested as neat lubricants reporting better tribological performance than imidazolium counterparts [33] [34] [35] and conventional oils [22, [36] [37] . Table 1 summarizes the main works developed with phosphonium cation-based ionic liquids in tribology. contacts, in order to assess the feasibility of using them in the way that they are commercially available. Technologies GmbH (Io-Li-Tec). Table 2 shows the chemical description of the ionic liquids. Corrosion character of the ILs was studied using a simple test: applying separately all the ionic liquids studied on the surface of an AISI 52100 steel disc (previously ultrasonically cleaned in heptane and air dried) which remained at room temperature for 20 days while the corrosion activity was observed.
Experimental details

Ionic liquids
Subsequently, the steel surfaces were analyzed by scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS).
Moreover, the conductivities of the ionic liquids were also measured in a temperature range 25-42ºC by a model HI 9835 EC-TDS conductivity meter made by Hanna Instruments.
Tribological tests
A microprocessor-controlled Bruker UMT-3 tribometer with a reciprocating ball-on-disc configuration was used to perform the tribological tests. 60-min tests were conducted under a load of 40 N (corresponding to a maximum contact pressure of 1.67 GPa), 15 Hz of frequency and stroke length of 4 mm. Tribological tests were conducted at room temperature with a relative humidity in the range 20-30%, and using 25 µL of the corresponding ionic liquid inside the contact. Friction coefficient was recorded during the test and wear depth on the discs was measured after tests using a Leica DCM 3D confocal microscope.
The upper specimen used was AISI 52100 chrome steel balls (0.98-1.1% C; 0.15-0.30% Si; 0.25-0.45%
Mn; 1.30-1.60% Cr; 0.025% P; 0.025% S) with 9.5 mm diameter, hardness of 63 HRC and approximately 0.01 μm of surface finish (Ra). The lower specimen was AISI 52100 steel discs (machined from annealed rod) with a hardness of 190-210 HV 30 and less than 0.02 μm of surface finish (Ra). Both specimens were cleaned before tribological tests with heptane in an ultrasonic bath for 5 minutes, rinsed in ethanol and dried with hot air. The lubricant samples were tested at least three times under each test condition and the specimens were also cleaned with heptane, rinsed in ethanol and dried with hot air after tribological tests and before surface characterization.
Surface characterization
Scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS) and X-Ray photoelectron spectroscopy (XPS) were also employed to analyze and evaluate the interaction of the ionic liquids with the worn surface.
SEM-EDS analysis was made using an acceleration voltage of 20 kV. Additionally, XPS measurements were performed using a Phoibos 150 with a monochromatized x-ray source (Kα Al = 1486.74 eV) at 13 kV and 300 W. The energy analyzer worked on constant pass energy mode. Survey spectra were performed using 90 eV pass energy and 1 eV step energy and high-resolution spectra were taken with 30 eV pass energy and 0.1 eV step energy. Spatial resolution was achieved combining a small X-ray spot size (3.5×1 mm 2 ) with the electromagnetic lenses working in small area mode. Charge shift was compensated with a flood electron gun when necessary. Depth-profiling was carried out using an Argon plasma gun at 3000 eV energy; each layer was etched by a plasma scan in a 4×4 mm 2 area. Position of spurious C1s indicated that it is not necessary to correct the energy shift due to charge effects. Shirleytype base lines and 70% Gaussian-30% Lorentizan curves were used for all mathematical fittings, carried out in Casa XPS software using Marquardt-Levenberg or Simplex methods [41] .
Results and discussion
Physicochemical properties
Each ionic liquid showed absorptions at 2855 cm -1 , 2925 cm -1 and 2950 cm -1 rising from the -CH 2 -bonds of the long aliphatic chains present in all of them (Fig. 1) . The viscosity index (VI) and viscosity (dynamic and kinematic) at three temperatures (25, 40 and 100 °C) for the phosphonium based ILs are summarized in Table 3 . The viscosity difference of the ionic liquids becomes smaller as the temperature rises due to the different viscosity indexes of the samples. If the interaction energy of a cation-anion pair increases, ion bonding is stronger and leads to a higher viscosity [45] . Besides, the number of carbons per chain as well as the symmetry and size of the ions cause increased resistance to shear flow and consequently higher viscosity. index generally seems to be related to the IL´s molecular weight but is little affected by the cation symmetry [18] . displayed two steps degradation, possibly due to the influence of a more reactive phosphate type anion [49] . Also early weight losses are due to the impurities (between 2-5% in weight according with Table 2) present in the ionic liquids used in this study [46] . (Fig. 6 ) also exhibited no corrosion or alterations on the steel surface 20 days after the interaction with the ionic liquid and therefore EDS analysis showed almost identical results identifying the elements present in the steel (Fe, C, Cr). On the other hand, the sample wetted with [P 66614 ][NTf 2 ] showed presence of corrosion activity on the surface (Fig. 7) . In addition, EDS spectra showed other elements (O, S, P, F) than those present in the steel at three different positions of the specimen. These chemical elements present in the ionic liquid reacted with-and damaged the steel surface. Corrosion phenomenon due to HF generation has already been described for fluorine based-anions such corrosion on steel surface when the ionic liquid was used as 5 wt% additive in two fully-formulated wind turbine gearbox oils which had corrosion inhibitors in their formulation.
Ionic liquids are entirely formed by ions which have strong intrinsic electrostatic interactions, putting these substances among the most concentrated electrolytic fluids with many charge carriers per unit volume [54] . The dependence of the conductivity with temperature is shown in Table 5 . The strength of the formed field depends on ions interaction, especially by the size and structure of cation and anion [55] . Electric fields apparently decrease with increasing of cation size, due to the weakening of the electrostatic interaction and the depletion of the number of ions per volume [56] . impact on conductivity because conductivity is inversely proportional to viscosity [54] , this fact can be verified in Tables 3 and 4 .
Tribological tests
The average friction coefficient of the ionic liquids tested is shown in Fig. 10 . It can be observed that the In order to achieve a better comprehension of the friction protection properties of the ionic liquids, representative friction-time records are shown in Fig. 12 
Surface characterization
The SEM micrographs (Fig. 13) (Fig. 9) . In all cases, the EDS analysis mainly showed the elements present in the steel disc, so the XPS analysis will can reveal the nature of the tribofilm formed by the IL-surface chemical interaction. show the same stability in the surface, as it almost disappeared after 3.5 nm (Fig. 15c) . 
Ionic
Conclusions
Five phosphonium cation-based ionic liquids were studied from physicochemical and tribological points of view and the main conclusions that can be drawn are:
• The size, symmetry and structure of both ions have strong influence on viscosity, thermal stability, conductivity and corrosion. 
